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Inspired by the unique structure, intriguing electronic and physical properties of graphene,[1-4] 
increasing attentions have been devoted to exploring novel two-dimensional (2D) 
nanomaterials. In the last decade, a series of 2D nanomaterials, including inorganic[1, 2, 5-9] and 
organic/polymeric nanosheets,[10-14] have been prepared by top-down mechanical cleavage, 
chemical and electrochemical exfoliation[1, 2, 5-9, 15-18] as well as bottom-up vapor-liquid-solid 
and vapor-solid growth techniques.[11-14] However, those nanosheets with  ultrathin features 
usually suffer from the re-stacking and re-aggregation driven by high surface free energy or 
interlayer van der Waals forces, which would remarkably hamper their utilization in the areas 
including energy storage, catalysis and chemical sensing, etc..  
One promising strategy to alleviate the strong aggregation of ultrathin nanosheets is to 
arrange them into 3D aerogels. Those 3D architectures composed of 2D ultrathin nanosheets 
could simultaneously achieve both advantages of nanosheet structure and macroscopic 
features.[19-24] Meanwhile, 3D aerogels with interconnected macropores would provide 
interpenetrated channels and high specific surface areas, which are essential for the access of 
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electrolyte and the fast diffusion of ions when serving as electrodes for energy storage 
devices.[19-26] To date, various 3D macroporous materials and their composites have been built 
up through the well-established strategies, such as self-assembly, template-directed synthesis 
or direct growth on 3D foam templates.[19-26] However, the building blocks for those 3D 
materials have been limited so far in a narrow range of 2D nanosheets based on inorganic metal 
oxides, nitrides, sulfides and graphene (oxides).[19-27] Although conducting polymers with 
conjugated backbones have been extensively explored for the utilization as energy storage 
materials due to their relatively low cost, easy fabrication, high electrical conductivity and 
excellent electrochemical behavior, direct bottom-up construction of 3D macroporous materials 
employing ultrathin conducting polymer nanosheets has remained unrealized.[19-33]  
Herein, we demonstrate a bottom-up approach towards 3D hierarchical macroporous 
conducting polymer aerogels via soft template-directed synthesis and self-assembly of ultrathin 
polypyrrole (PPy) nanosheets in solution, involving that perfluorocarboxylic acids (PFCA) 
amphiphiles self-assemble into lamellas with a bilayer structure in ethanol/H2O solution, which 
guide the polymerization of pyrrole monomers into ultrathin PPy nanosheets. The further 
polymerization results in the cross-linking of the adjacent PPy nanosheets and establishment of 
the 3D macroporous PPy gels (PPGs). Upon template removal of PFCA by extraction with 
ethanol and subsequent freeze-drying process, 3D PPGs are achieved with ultrathin building 
units (thicknesses of 10 ~ 16 nm), macroporous structure (1 ~ 2 µm) and large specific surface 
areas (59 m2 g−1). Serving as cathode materials for Na-ion batteries, the resulting 3D 
macroporous PPGs exhibit a high Na-ion storage capacity up to 106 mA h g−1 at 80 mA g−1, 
satisfactory rate capability and excellent cycling stability with a capacity retention of about 95% 
even after 200 cycles at a high rate of 150 mA g−1. Such performance is superior to those of the 
most recently reported cathode materials for Na-ion batteries (usually less than 100 mAh g-
1).[34-36] 
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Figure 1. Schematic illustration for the construction of 3D PPGs. a) The formation of ultrathin 
lamellae of PFTA in mixed ethanol/H2O solvents at room temperature. b, c) The formation of 
2D PPy nanosheets and further cross-link into 3D PPy/PFTA hydrogel, after adding ammonium 
persulfate (APS). d) The final 3D PPy aerogels prepared by solidification, extraction and 
freeze-drying.  
  
As illustrated in Figure 1, in order to construct 3D nanosheet-based macroporous PPGs, 
perfluorotetradecanoic acid (PFTA) amphiphile was chosen as the 2D template. Our recent 
report demonstrated that PFTA can self-organize into well-defined lamellae bilayer in mixed 
ethanol/H2O (v/v = 1:5) solvents at room temperature (Figure 1a).
[37-39] Because of cryogenic 
transmission electron microscopy (cryo-TEM) allows the direct observation of specimens at 
cryogenic temperatures (generally liquid-nitrogen temperatures), showing them in their native 
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environment, here we used cryo-TEM to in-situ observe the morphology and structure of 
surfactant micelles of PFCA. Figure S1 in Supporting Information (SI) reveals the presence of 
the transparent nanosheets with the size up to 3 ~ 4 µm, suggestive of the formation of PFTA 
lamellae in EtOH/H2O mixture solution. After adding pyrrole molecules into the PFTA lamella 
solution, they could be adsorbed on both surfaces of the PFTA lamellae through hydrogen 
bonding between the carboxylic acid groups of PFTA and the ‒NH moieties of pyrrole.[40] 
Subsequently, ammonium persulfate (APS) was added, which triggered the polymerization of 
pyrrole monomers on the PFTA lamellae, thereby forming 2D PPy nanosheets (Figure 1b). The 
further growth of 2D PPy nanosheets led to the formation of cross-linked polymeric frameworks 
upon a heat treatment at 150 oC for 8h (Figure 1c). After removal of the PFTA template by 
extraction with 1 M HCl solution in ethanol and then freeze-drying process, free-standing 
nanosheet-based 3D macroporous PPGs were obtained (Figure 1d).  
 
Figure 2. The microstructure of the solidified 3D PPGs at 150 oC. (a-c) SEM images with 
different magnifications, and (d) TEM images of the solidified 3D PPGs. 
  
The Fourier-transform infrared (FT-IR) spectra of the 3D PPGs (Figure S2 in SI) suggest 
the complete removal of PFTA by the disappearance of the characteristic peaks of the 
carboxylic acid group, C‒F bonds and the alkyl chain of PFTA. Meanwhile, the appearance of 
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the characteristic peaks of C=N (1685 cm-1) and C‒N (1315 cm-1) manifests the formation of 
PPy. Additionally, a series of peaks at 921, 976, 1043, 1322 and 1564 cm-1, corresponding to a 
reduced PPy,[41] have been found in Raman spectra of the 3D PPGs that can also verifies the 
presence of PPy (Figure S3 in SI). 
The microstructure of the as-made 3D PPGs were investigated by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure S4 and 
5 (SI), the as-made free-standing 3D PPGs possess interconnected macropores of dimensions 
in the range of 2 ~ 3 µm. Upon heat treatment at 150 oC for 8h, the as-made 3D PPGs would 
become more stable due to the further cross-linking of PPy. Compared to their as-synthesized 
3D counterparts, the interconnected macropores of the additional thermally treated 3D PPGs 
became more uniform and displayed smaller pore size (~ 2 µm). Figure 2 clearly revealed that 
the 3D macroporous PPGs were composed of the ultrathin PPy nanosheets. The partial 
coalescence and overlapping of 2D flexible PPy nanosheets might originate from the cross-
linking of the PPy nanosheets, which would efficiently support the 3D PPGs with 
interconnected macroporous architecture.  
As the building units of the 3D PPGs, the intermediate ultrathin PPy nanosheets can be 
directly isolated from the as-synthesized 3D PPGs before solidification into 3D aerogels by 
separation and removal of PFTA template (see Experiment Section). The direct microscopy 
observation confirmed their 2D nanosheet morphology with the typical lateral sizes up to 
several micrometers (Figure 3a, b and Figure S6). Furthermore, atomic force microscopy 
(AFM) analysis validated that these PPy nanosheets possessed an average thickness of ~ 10 nm 
(Figure S7 in SI). However, despite of the same carbon chains with PFTA, the use of myristic 
acid as amphiphile only led to the formation of spherical-like PPy nanoparticles that quickly 
precipitated from solution, rather than forming stable 3D gels (Figure S8 and S9 in SI). This 
result strongly suggests that the PFTA bilayer template plays the crucial role for the directed 
growth of pyrrole monomers into 2D PPy nanosheets and the subsequent self-assembly into 3D 
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PPGs.  Compared with myristic acid, PFTA molecules possess higher interface activity and 
lower van der Waals force, which can facilitate their self-assembly into stable lamellae with a 
bilayer structure that results in a remarkable decrease of the surface tension of solution.[42] 
The porous feature of 3D PPGs is confirmed by Brunauer-Emmett-Teller (BET) 
measurements. The N2 sorption isotherms (Figure 3c) show a typical II hysteresis loop at a 
relative pressure of 0.40 ~ 0.95, a characteristic of pores with macropore/mesopore sizes.[43] 
Apart from the macropores of 2 µm estimated from the SEM images, Barrett–Joyner–Halenda 
(BJH) results also reveal the existence of mesopores with sizes in the range of 2 ~ 15 nm for 
the 3D PPGs (Figure S10 in SI). The BET surface area and pore volume of the 3D PPGs are 
calculated to be 54 m2 g−1 and 0.12 cm3 g−1 (Table S1 in SI), respectively, which surpass many 
of the previously reported PPy materials (Table S2 in SI).  
 
Figure 3. The morphology and microstructure of the PPy nanosheet and their derived 3D PPGs 
synthesized with PFTA as the templates. (a, b) TEM images of the PPy nanosheet of the as-
made 3D PPGs. (c) Nitrogen adsorption–desorption isotherm of the as-made 3D PPGs 
synthesized with different amounts of pyrrole precursor, and (d) the calcined samples at 900 oC 
under inert atmosphere. For the as-made 3D PPG-2 and 3, the isotherms are offset vertically by 
25 and 50 cm3 g−1 STP, respectively; similarly, the isotherms of the calcined 3D PPG-2 and 3 
samples are offset vertically by 250 and 400 cm3 g−1 STP, respectively.  
  
The thickness of PPy nanosheets, as the building units for 3D PPGs, can be adjusted by 
varying the amounts of pyrrole monomer during the PFTA-directed polymerization (the mole 
ratios of PFTA to pyrrole can be 1.56, 1.18 and 0.94, named as PPG-1, 2 and 3, respectively.) 
Figure S5 shows that all of the PPG samples possessed 3D macroporous framework structure. 
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BJH calculations disclosed that PPG-1, 2 and 3 had a similar surface area (50~60 m2 g−1) and 
pore volume (0.08~0.12 cm3 g−1). All of the 3D PPGs exhibited enlarged surface areas 
compared with that of the controlled PPy sample (PPy-blank, 25 m2 g−1, Figure S8 in SI). 
Notably, further calcination of 3D PPGs under inert atmosphere at 900 oC led to the 
transformation into 3D macroporous carbon aerogels with a remarkable increase of the surface 
areas, reaching up to ~502 m2 g−1 for the 3D PPG-1 sample (Figure S10 and 11 in SI). 
 
Figure 4. Electrochemical properties of 3D PPG electrodes for Na ion battery. a) CV curves of 
the 3D PPG-1 at different scan rates. b) Its galvanostatic charge/discharge curves at different 
current densities. c) Its rate capabilities. d) The Nyquist plots of 3D PPG-1, PPG-2 and PPG-3. 
e) The cycling behavior of 3D PPG-1 at a current density of 150 mA g-1. f) An optical 
photograph showing a lighted red LED, which was powered by using the 3D PPG-1 based Na 
ion battery. 
 
Profiting from the hierarchical porous structure, ultrathin nanosheets and large specific 
surface areas, the resultant 3D PPGs hold promise as electrode materials for energy storage 
devices. The redox reaction in PPy usually involves p-doping/de-doping electrolyte anions 
into/from the polymer chains, which is not influenced by the cation species, rendering PPy as a 
suitable cathode material for Na-based energy storage system.[44-49] Thereby, we investigated 
the electrochemical performance of the 3D PPGs in 1M NaPF6/DEGDME (diethylene glycol 
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dimethyl ether) electrolyte. The cyclic voltammetry (CV) curves of the 3D PPGs showed the 
redox peaks at 2.4 V during the reduction process and at 2.6 V during the oxidation process in 
the initial cycle at a low scan rate (Figure 4a). Although the peak separation increased upon 
increasing the scan rate, 3D PPG-1 electrode still retained the well-defined shape even after the 
scan rate increases to 5 mV s-1. 
Next, we examined the galvanostatic charge/discharge behavior of the 3D PPGs based Na-
ion batteries at various current densities (Figure 4b). The 3D PPGs-1 electrode delivered a 
reversible discharge capacity of 106 mA h g−1 at 80 mA g−1, which is substantially higher than 
many PPy-based cathode materials of various morphologies, such as nanoparticles and hollow 
spheres.[44-46, 48] Additionally, the 3D PPG-1 electrode delivered a better rate capability  (87, 63, 
55 and 45 mA h g−1 at current densities of 150, 300, 400 and 500 mA g−1, respectively) than 
those of 3D PPG-2 and 3D PPG-3 electrodes (Figure 4c). This result suggests that the relatively 
thinner nanosheets of 3D PPG-1 electrode should provide more electrochemical active sites and 
electrolyte/electrode contact interfaces for ion storage, thus leading to a high specific capacity. 
As an eco-friendly and metal-free electrode material, the 3D PPG-based electrodes exhibited a 
competitive performance compared with those of the recently reported cathode materials for 
Na-ion batteries, such as Na0.6Cr0.6Ti0.4O2 (<75 mAh g
-1
 at 7.6 mA g-1),[35] Na2Fe2(SO4)3 (100 
mAh g-1, current density less than 30 mA g-1)[50] and Na2MnP2O7 (90 mAh g
-1, current density 
less than 10 mA g-1).[36] Such the ultrathin nanosheets of the 3D PPG-based electrodes would 
shorten the ion diffusion and electron transport path, thereby yielding remarkable rate 
capability.[40]  By comparison, the controlled PPy nanoparticles synthesized without any 
templates show lower special capability (<20 mAh g-1 at 80 mA g-1 ), rate capability and poor 
cycle stability (Figure S12 in SI). This result indicates the significant contribution of our unique 
2D nanosheet-based macroporous architectures to the Na ion storage. 
Additionally, electrochemical impedance spectroscopy (EIS) studies of the 3D PPG 
cathodes (Figure 4d) showed the similar EIS profiles, with a semicircle in the high-frequency 
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region and a straight line in the low-frequency region. The charge-transfer resistance (Rct) is 
estimated to be 290 ohm for the 3D PPG-1 electrode (Fig. 4d), which is noticeably lower than 
those for the PPG-2 (380 ohm) and PPG-3 (430 ohm) electrodes. Notably, the polymer cathode 
maintained its initial capacity of 87 mA h g−1 and capacity retention of about 95% even after 
200 cycles at a high rate of 150 mA g−1 (Figure 4e). This cycling stability of the 3D PPy-1 
nanosheets is superior to the those of PPy hollow nanospheres and sulfonated polyaniline for 
Na-ion batteries.[44-49]  Moreover, the 3D PPG-based electrodes at 80 mA g‒1 could readily 
power a commercial red LED (1.7–2.3 V) (Figure 4 f), suggesting a great potential of 3D 
PPGs in Na-ion batteries. 
In conclusion, we demonstrated a novel bottom-up route towards the fabrication of 3D PPy 
nanosheet-based macroporous aerogels via soft template-directed self-assembly of polymer 
precursor. The lamellae formed by amphiphilic surfactant of perfluorocarboxylic acid in 
solution served as 2D soft templates and guided the polymerization of pyrrole monomer into 
2D ultrathin PPy nanosheets and then self-assemble into 3D PPGs. The resultant 3D PPGs 
possessed thickness-adjusted nanosheets as the building units, macroporous structure and high 
specific surface areas. Such unique 3D structure endows them with a high storage capacity, 
satisfactory rate capability and excellent cyclability when serving as cathode materials for Na-
ion batteries. This study provides new insights for construction of nanosheet-based 3D 
macroporous materials directly from molecular precursors towards diverse applications.  
 
Experimental Section 
Synthesis of 3D macroporous polypyrrole gels (PPGs). Typically, 0.05 g of 
perfluorotetradecanoic acid (PFTA) was dissolved in 2 mL ethanol and 10 mL H2O to generate 
the micellar aggregation. After stirring, 62 µL of pyrrole was added to the above solution. After 
adding 0.18 g ammonium persulfate (APS) and continuous stirring for 10 min and staying for 
1 h, the solution turned eventually dark and gelated. The above solution was transferred into 
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Teflon lined stainless steel autoclaves and maintained at 150 oC for 8h. PFTA template and the 
other excess ions can be removed by extraction with 1 M HCl/ethanol solution and rinse by 
deionized water (DI water). Final sample of 3D macroporous PPy aerogel was obtained by 
freeze-drying. The intermediate ultrathin PPy nanosheets can be directly isolated from the as-
synthesized 3D PPGs before solidification into 3D aerogels by separation and removal of PFTA 
template, including the repeated ultrasound desperation into EtOH, washing with EtOH and 
H2O, centrifugation separation as well as subsequent exaction using HCl/EtOH solution, etc.  
Electrochemical measurements of 3D PPGs as cathode for Na-ion batteries. The as-prepared 
samples were each mixed with acetylene black and polyvinylidene difluoride (PVDF) in a 
weight ratio of 7 : 1.5 : 1.5, respectively, with the help of N-methyl-2-pyrrolidone (NMP). Then 
the mixture was coated on aluminum foil using a doctor-blade technique. After that, the coated 
foils were dried and punched into circular pieces (d =11 mm), which were further dried at 80 
oC for 12 h under vacuum. CR2032-type coin cells were assembled by sandwiching a porous 
polypropylene separator between the working electrode and Na metal foil in a high-purity 
argon-filled glove box with the contents of oxygen and water below 0.1 ppm. The electrolyte 
was 1.0 M NaPF6 in the diethylene glycol dimethyl ether (DEGDME). Cyclic voltammogram 
(CV) measurements were performed on a CHI 650E electrochemical workstation (Chenhua Co., 
Ltd., Shanghai, China) using a voltage range of 1.5 to 3.5 V vs. Na+/Na. Galvanostatic 
charging/discharging curves and cycles were conducted using a LAND battery test system 
(CT2001A). All electrochemical tests were carried out at room temperature. 
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We demonstrate a bottom-up approach towards 3D hierarchical macroporous 
polypyrrole aerogels via soft template-directed synthesis and self-assembly of ultrathin 
polypyrrole nanosheets in solution, which present the interconnected macropores, ultrathin 
wall and large specific surface areas, thereby exhibiting a high capacity, satisfactory rate 
capability and excellent cycling stability for Na-ion storage. 
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